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Abstract 
 Thermoelectric materials can be utilized to generate electricity from a temperature 
gradient, thereby recycling the nowadays abundant waste heat, as well as for cooling applications 
by creating a temperature gradient from electricity. The former is based on the Seebeck effect, 
and the latter on the Peltier effect. Noticing the continuously declining fossil fuel resources and 
mankind’s increasing need for energy, the importance for clean thermoelectric energy generation 
continues to climb.  
 Traditional thermoelectric materials were based on the binary tellurides Bi2Te3 and PbTe, 
which have been utilized for decades. The focus on tellurium as the heaviest non-radioactive 
chalcogen stems from the observation that heavier elements are advantageous for a reduced 
thermal conductivity, which is essential for the thermoelectric energy conversion. Moreover, 
tellurides are less ionic than sulfides or selenides, which leads to an enhanced carrier mobility 
that is advantageous for the desired high electrical conductivity. This review presents these 
traditional routes to low thermal conductivity, as well as alternatives based on the lighter 












In special cases like in these binary copper chalcogenides, sulfides and selenides can outperform 











 Because of the continuously declining natural resources and mankind’s increasing need 
for electricity, more sustainable energy creation methods such as thermoelectric energy 
generation have become increasingly important [1]. Thermoelectric (TE) materials can create 
electricity via the Seebeck effect from a temperature gradient, which was first noticed by 
Seebeck in 1821, while the other direction – create a temperature gradient from electricity – is 
called Peltier effect [2,3]. Most notably, this method of energy generation has been in continuous 
use in space crafts since the early 1960s [4,5]. Since the better of two decades, TEs are at the 
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forefront of research into utilizing the waste heat in automotives to reduce the load on the 
alternator, and for waste heat utilization in stationary applications as well [5–8].  
 Thermoelectric devices consist of alternating n- and p-doped semiconducting legs, where 
the electrons in the n-type legs move like the holes in the p-type legs with the heat flow. The 
efficiency of the power generation  is related to the device's average figure of merit ZT, written 
as   ̅̅̅̅  in equation (1) (with TH = hot temperature, TC = cold temperature), which in turn is the 
average of the materials’ figure of merit, zT (equation (2)). Therein, T denotes the average 
temperature,  the Seebeck coefficient,  the electrical conductivity, and  the thermal 
conductivity. The power factor P.F. (equation (3)) is the product of 2 and , describing the 
electrical performance of a thermoelectric material.  
 
      
     
  
√    ̅̅ ̅̅   
√    ̅̅ ̅̅  
  
  
      Eq. (1) 
    zT = T2 –1     Eq. (2) 
    P.F. = 2     Eq. (3) 
 
 All these physical properties are functions of the charge carrier concentration, n. While 
the Seebeck coefficient generally decreases with n, both the electrical and the thermal 
conductivity increase with n. The increase of the electrical and the thermal conductivity with n 
can be illustrated via equations (4) - (6). Therein, e denotes the charge of an electron,  the 
carrier mobility, L and e the lattice and the electronic thermal conductivity, respectively, and L0 
the Lorenz number. Equation (6) is known as the Wiedemann-Franz law. Equations (4) – (6) can 
be combined into equation (7) to summarize the dependence of the total thermal conductivity on 
the carrier concentration.  
 
     = n e      Eq. (4) 
     = L + e     Eq. (5) 
    e = L0T     Eq. (6) 




 The different dependences of these key properties on the charge carrier concentration 
demonstrate why no one property can be optimized without negatively affecting at least another 
one. L constitutes an exception, as it can be minimized by working with heavy elements, such as 
thallium, lead, bismuth, antimony and tellurium without a detrimental impact on the other 
properties, and complex crystal structures, though they normally cause a low mobility of the 
charge carriers, detrimental to the electric conductivity [9,10].  
 Increasing   ̅̅̅̅  results in higher efficiency  (equation (1)). Leading bulk materials exhibit 
peak zT values between 1.1 and 1.8, such as Ba0.08La0.05Yb0.04Co4Sb12 [11], 
Ba8Ni0.31Zn0.52Ga13.06Ge32.2 [12], Yb14Mn0.4Al0.6Sb11 [13], Ti0.5(Zr0.5Hf0.5)0.5NiSn0.998Sb0.002 [14], 
β-Zn4Sb3 [15], Tl9Bi0.98Te6 [16], Tl8.05Sn1.95Te6 and Tl8.10Pb1.90Te6 [17], Tl2Ag12Te7.4 [18], 
Tl0.02Pb0.98Te [19] and Bi2Te3 [20]. All of the above comprise the above-mentioned heavy 
elements, and most of them complex crystal structures, with the notable exceptions of PbTe and 
Bi2Te3 variants and the Half Heusler phase, Ti0.5(Zr0.5Hf0.5)0.5NiSn0.998Sb0.002.  
 Utilizing various methods of nanostructuring, further improvements have been achieved. 
Several examples exceed zTmax values of 2, namely superlattices of Bi2Te3/Sb2Te3 [21], co-doped 
PbTe with nanodomains [22], Na-doped PbTe with SrTe nanoadditions [23], superlattices of 
PbSe0.98Te0.02/PbTe [24], nanostructured Cu2Se [25] and Cu2Se/CuInSe2 nanocomposites [26].  
 The majority of the state-of-the-art thermoelectrics are tellurides, which fit nicely into 
this review on thermoelectric chalcogenides. Most recently, more focus was placed on materials 
containing sulfur and selenium instead of tellurium (such as the above mentioned Cu2Se), the 
lighter homologues of tellurium, because of their higher availability, lower cost and lower 
toxicity. As these materials are composed of lighter elements, other mechanisms to achieve the 
required low thermal conductivity are required. This article is reviewing recent success with 
sulfides and selenides in comparison to the more traditional thermoelectric tellurides.  
 
2. Traditional thermoelectric tellurides: PbTe and Bi2Te3 
 PbTe, once properly modified as both n- and p-type, exhibits outstanding thermoelectric 
properties at elevated temperatures, suitable for electricity generation from waste heat. PbTe-
based thermoelectric generators have been used in several NASA space missions, from Transit 
4A to Viking 2, and in the Mars rover Curiosity [27]. PbTe crystallizes in the rock salt structure 
with a melting point of 1200 K, and is a semiconductor with a direct band gap of 0.32 eV [28]. 
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Its highly symmetric crystal structure is the opposite of a complex crystal structure often 
postulated to be ideal for thermoelectrics [9]. In part, its relatively low lattice thermal 




 stems from its very high average molar mass of 167.4 g mol
–1
.  
 A re-investigation of the properties of the historic n-type PbTe revealed zT values  1.4 
between 700 K and 850 K [29]. Introducing nanodomains caused a significant performance 
increase as reflected in a zTmax = 2.2 at 800 K for co-doped AgPb18SbTe20 [22] [30]. Kanatzidis 
coined this family LAST-m, for Lead Antimony Silver Telluride, with m the amount of Pb per 
formula unit (18 in AgPb18SbTe20). Ag-Sb-rich nanodomains in an Ag-Sb-poor matrix 




 at room temperature, 




 for PbTe.  
 Spinodal decomposition, which is a decomposition of a metastable phase into two phases 





 for I-doped (Pb0.95Sn0.05Te)0.92(PbS)0.08, contributing to zTmax = 1.5 at 642 K [31]. The 
combination of nanostructuring via addition of nano-SrTe with mesostructuring via spark-





 [23].  
 Recent investigations have shown that SnSe, a lighter homologue of PbTe crystallizing in 
a strongly distorted NaCl variant in two different modifications, can exhibit great thermoelectric 
properties as well. Despite its lower averaged molar mass of 98.8 g mol
–1
 compared to 167.4 g 
mol
–1
 in case of PbTe, its low thermal conductivity stems from a combination of strongly 
anharmonic and anisotropic bonding caused by the lone pair of Sn
2+
, as reflected in its heavily 
distorted SnSe7 polyhedron [32]. Measured on a single crystal along its b axis, a sensationally 
high zTmax = 2.6 was determined at 973 K [33]. Polycrystalline samples exhibit lower 
performance, for a example with a peak zT = 0.92 at 873 K [34], and 1.36 at 823 K after 
solvothermal synthesis [35].  
 Bi2Te3 is still the state-of-the-art TE material for cooling applications. Like PbTe, its 
structure consists of closest packed layers of the cations and anions, but with a more complex 
order of …Te-Bi-Te-Bi-Te… along the c axis. As a consequence, its transport properties are 
anisotropic as in the case of SnSe, meaning the thermoelectric performance depends on the 
direction of the heat and electron flow. Bi2Te3 is also like PbTe a narrow-gap semiconductor, 
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with 0.16 eV, and a melting point of 858 K [36]. Co-doping with the transition metal atoms Cu, 
Ag and Cd yielded zTmax = 1.4 at 425 K [37].  
 As in the case of PbTe, nanostructuring caused further improvements for Bi2Te3 as well. 
Introducing nanostructures via recrystallization through hot-forging lowered the lattice thermal 








 for bulk Bi2Te3, which gave 
zTmax values at room temperature [38]. The Bi2Te3/Sb2Te3 superlattices with zTmax = 2.4 [21] 
remain at the forefront of these materials since 2001, while Bi2Te3 nanowires as published in 
2013 were also reported to exceed zT = 2 at room temperature [39].  
 
3. Thermoelectric thallium tellurides 
 Thallium tellurides have increasingly attracted attention since the report of (an 
extrapolated) zTmax = 1.2 for zone-melted Tl9BiTe6 in the year 2001, with an ultralow lattice 




 [40]. In contrast to PbTe and Bi2Te3, this material is 
bestowed with a complex crystal structure as a consequence of distorted coordination polyhedra 
around the thallium atoms, whereas Pb is surrounded by an ideal octahedron of six Te atoms in 
PbTe. This is a consequence of the stereochemically active lone pair of Tl
+
. It should also be 
noted that Tl9BiTe6 contains over 56 atomic-% Tl because of its +1 state, resulting in a higher 
averaged molar mass of 175.9 g mol
–1
, compared to 167.4 g mol
–1
 for PbTe and 160.2 g mol
–1
 
for Bi2Te3. Other substitution variants in polycrystalline form have matched or even exceeded 
this performance after optimizing the electron concentration, namely Tl9Bi0.98Te6 [16], 
Tl8.05Sn1.95Te6 and Tl8.10Pb1.90Te6 [17] with zTmax values ranging from 1.1 to 1.4.  
 As summarized in a review on group 13 chalcogenides [41], several other thallium 
tellurides exhibit very low thermal conductivity as well. Examples with figure of merit values in 
excess of unity include TlAg9Te5 with zTmax = 1.2 at 700 K [42] and Tl2Ag12Te7.4 with zTmax = 
1.1 at 520 K [18]. From the crystallographic point of view, TlAg9Te5 is better described as 
Tl12Ag96.5Te66  Tl2Ag16Te11, adopting a highly complex crystal structure with several deficient 
Ag positions with site occupancies between 46% and 88% [43]. The structure contains large 
hexagonal channels formed by the Ag and Te atoms, filled with chains of Tl atoms.  
 The same general description holds true for the structure of Tl2Ag12Te7.4, a variant of the 
Zr2Fe12P7 type [44], while the Ag site occupancies are generally higher. More precisely, 
Tl2Ag12Te7.4 is described best as a composite structure, consisting of a composite I, the 
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Tl2Ag12Te6 framework topologically equivalent with that part of Zr2Fe12P7, and composite II, a 
distorted linear Te atom chain with about 1.4 Te atoms per Tl2Ag12Te6 unit. Figure 1 depicts the 
sub cell of this material, where the Te chain is represented as the average of composite II, 
reflected in an equidistant chain of Te2 atoms with huge anisotropic displacement parameters.  
 
 
Figure 1. a) Sub cell of Tl2Ag12Te7; b) ellipsoid representation of the linear Te2 chain on (0, 0, 
z). Reprinted with permission from ref. [18]. Copyright 2018 American Chemical Society.  
 




 units has a 
strong impact onto the neighboring Ag atoms (Figure 2), and a smaller one on the next-nearest 
neighbors. Thus, large parts of the crystal structure are distorted, and the Ag deficiencies 
additionally further block the phonon propagation, resulting in an ultralow thermal conductivity 









Figure 2. Section of the composite Tl2Ag12Te7.4 structure along the modulation (c) axis 
comprising Te dimers and trimers (shown with the neighboring Ag atoms). Reprinted with 
permission from ref. [18]. Copyright 2018 American Chemical Society.  
 
 In both of these Tl-Ag tellurides, the low thermal conductivity is not so much a 
consequence of the distortion of the Tl-Te polyhedra, or of the high average molar masses, as the 
Tl concentration is small, but of the high complexity and the local distortions. Thus, these 
tellurides are perfect examples of the “phonon-glass electron-crystal” (PGEC) concept proposed 
by Slack [45].  









 bonding contacts occur in several chalcogenides, including in 
Ba3Cu14-xTe12 [46] and BaAg2Te2 (α-BaCu2S2 type) with Ag–Ag distances of 2.9 Å in AgTe4 




), a bonding character arises from 
the hybridization of the d states with the nominally empty s and p orbitals of the Cu/Ag atoms 
[48–50]. Therefore, the Cu/Ag cations may exhibit ion mobility in these materials, further 
contributing to low thermal conductivity, as for example demonstrated for the “liquid-like” 
Cu2Se [51]. In fact, we found evidence for such Ag ion mobility in the case of the selenide 
Tl2Ag12Se7 [52], which crystallizes in a supercell of the Zr2Fe12P7 type.  
 
4. Thermoelectric copper chalcogenides 
4.1. Binary chalcogenides, Cu2Q with Q = S, Se, Te 
 As summarized in a critical review in 2014, the interest in Cu2S as a thermoelectric dates 
back to the 19
th
 century [53]. The usage of Cu2Se, exhibiting a zTmax = 1.5, in a thermoelectric 
device led to a system failure because of the Cu ion migration out of the thermoelectric leg in the 
late 1980s [54]. That occurrence has limited research into thermoelectric copper chalcogenides 
for several decades, until researchers began to search for concepts to impede the ion migration in 
attempts to maintain material stability [55]. Two recent reviews addressed this issue [56,57]. 
Before delving into that, we first present the structures and properties of the leading binary 
chalcogenides Cu2Q with Q = S, Se, Te. These semiconductors with band gaps between 1.0 eV 
and 1.2 eV consist of a fixed framework of immobile Q
2–
 anions, with the Cu ions occupying 
different holes thereof, leading to a variety of different structures and phase transitions.  
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 The chalcocite Cu2S occurs in three different modifications, depending on the 
temperature. The low temperature form, the  phase, is monoclinic, which transforms into the 
hexagonal  form at 370 K. The superionic cubic  phase [58], thermodynamically stable above 
700 K, is comprised of a face-centered cubic sublattice of S
2–
 ions, with the Cu ions located in 
many different positions with fractional occupancies (Figure 3). The latter is often described as a 
liquid-like sublattice. Various studies have consistently shown the lattice thermal conductivity 









Figure 3. Crystal structure of -Cu2S.  
 
 An investigation varying x in Cu2-xS found peak performance for Cu1.97S with zTmax = 1.7 
at 1000 K [59], a sensationally high value for a bulk sulfide. Using a melt-solidification 
technique, the performance was even further increased to zTmax = 1.9 at 973 K [60]. Poor 
stability of that Cu1.97S was observed during the electrical measurements because of the high and 
unrestricted ion mobility, however.  
 Cu2S and Cu2Se form a solid solution over all S/Se ratios, which in part results in even 
lower thermal conductivity. Replacing small amounts of Se with S optimized (lowered) the 
charge carrier concentration of Cu2Se via reduction of the Cu vacancies by the stronger Cu–S 
bonds, causing a zT = 2.0 at 1000 K in case of Cu2S0.08Se0.92 after SPS [61]. Cu2S0.2Se0.8 was 





 throughout the whole temperature range [62]. An outstanding zTmax was obtained with an 
S/Se ratio of 1 : 1, namely zT = 2.3 at 1000 K in case of Cu1.94S0.5Se0.5 after SPS [63]. These 
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samples are composed of different polymorphs on the mesoscale as well as various 
nanodomains.  
 Alloying with Te and using the concept of nanoscale mosaicity via spark-plasma-
sintering, zT was reported to reach 2.1 at 1000 K in the case of Cu2S0.52Te0.48, with lattice thermal 








 [64]. The thermal 




Figure 4. a) Thermal conductivity; b) figure of merit of selected Cu2-xQ materials.  
 
 -Cu2Se undergoes a phase transition around 410 K into the fast ion conducting  form, 
wherein the Se atoms form a face-centered lattice with Cu atoms being kinetically disordered 
over various interstitial positions. Since 2012, various investigations have revealed high zTmax 
values from 973 K to 1000 K, including zT = 1.5 after traditional solid state synthesis [51], 1.6 
after ball-milling [65], 1.8 after self-propagating synthesis [66], 1.8 after melt-quenching [67], 
and finally a zTmax = 2.1 after inclusions of defects on the nanoscale [25].  
 With five different phases known, Cu2Te has the most phase transformations of the Cu2Q 
series. Interestingly, the telluride exhibits the lowest albeit still impressive thermoelectric 
performance of the Cu2Q materials. At the highest temperature, above 850 K, the cubic -phase 
persists, where the highest zT values are found. Undoped Cu2Te was reported to only have a 
zTmax = 0.29 at 900 K, while Ag-doping led to a substantial enhancement of zTmax = 1.0 at 900 K 
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[68]. Subsequently it was shown that similar if not superior values – a zTmax = 1.1 at 1000 K – 
can be achieved without Ag, namely via minimizing the carrier concentration [69].  
 While all of these superionic conductors have stability issues, introducing trace amounts 
of indium into Cu2Se led to the formation of nanocomposites Cu2Se/CuInSe2, which 
simultaneously enhanced the stability of the material under the measurement conditions as well 
as the thermoelectric performance. With 1 mole-% In, a huge zTmax = 2.6 was obtained at 850 K 
[26].  
 A different concept to obtain the required stability was introduced in 2018, based on the 
idea that the ion conducting material must be kept under a critical chemical potential difference 
to prevents the ions (here: Cu ions) from precipitating out of the thermoelectric legs. For this, 
ion-blocking but electron-conducting interfaces were added to lower the critical voltages in the 
thereby created segments [70].  
 
4.2. Ternary and higher Cu chalcogenides 
 We have been investigating Ba-containing copper chalcogenides since over a decade, 
anticipating that the large Ba cations would limit the Cu ion migration to a unit cell or a smaller 
Cu cluster therein [55]. To that extent, we demonstrated the stability of BaCu6-xQTe6 with Q = S, 
Se [71]. Figure 5 illustrates that the Cu mobility is limited to a S/Se-centered cube of Cu atoms, 





Figure 5. Part of the BaCu6-xQTe6 structure. Adapted with permission from ref. [72]. Copyright 
2018 American Chemical Society. 
 




, caused by 
the Cu deficiencies and movements despite the simple small cubic cell and a low molar mass 
average compared to e.g. PbTe and Bi2Te3. The highest zT found thus far in this family was 0.8 
at 600 K [72].  
 Another interesting Cu-containing chalcogenide family is based on variants of the 
wurtzite or sphalerite structure, where different ordering of the cations leads to a number of 
different supercells of lower symmetry. Excellent examples for this are the chalcopyrites 
CuGaTe2 and CuInTe2, which adopt a tetragonal body-centered 1 × 1 × 2 supercell of the 
sphalerite. Compared to the materials discussed above, their room temperature thermal 









above 800 K (Figure 6), postulated to be caused by the large anharmonicity. The figure of merit 
values at low temperatures are unimpressive, but raising the temperature leads to excellent 
performance with zTmax = 1.4 at 950 K for CuGaTe2 [73] and 1.2 at 850 K for CuInTe2 [74] 
because of the high power factors and the large temperature dependence of the thermal 
conductivity. Similar performances were found for the related selenides Cu2ZnSn0.90In0.10Se with 
zTmax = 0.95 at 850 K [75], Cu2Sn0.90In0.10Se3 with zTmax = 1.1 at 850 K [76], and nanocrystalline 





Figure 6. a) Thermal conductivity; b) figure of merit of selected ternary and higher copper 
chalcogenides.  
 
 In contrast to the above, CuCrSe2 adopts a layered structure, which can be described 
based on anionic CrSe2
–
 layers of the CdI2 type, with superionic Cu
+
 atoms between the CrSe2
–
 
layers. Amorphous nanodomains within the crystalline material contribute along with the 
superionic Cu
+
 atoms to a very low thermal conductivity, which ultimately results in a 
competitive figure of merit of 1.0 at 773 K [78].  
 Last but not least, minerals based on copper sulfides were recently shown to exhibit good 
thermoelectric properties as well. The tetrahedrites Cu12-xMxSb4S13 (M = Mn, Fe, Co, Ni, Zn, Hg) 
crystallize in the complex cubic unit cell shown in Figure 7. In this structure, the Sb coordination 
is heavily distorted because of the lone pair effect of Sb
3+
, and one Cu atom is only bonded to 
three S atoms. This causes a large anharmonicity, and – along with the large unit cell – a low 




 despite this being a sulfide and not a 
telluride [79]. Additional complexity arises from the fact that tetrahedrites can be Cu-rich, as 
expressed in the formula Cu12+xSb4S13 with x < 2. The Cu-rich tetrahedrite becomes ion 
conducting above 393 K, occurring with lower thermal conductivity and higher figure of merit, 





Figure 7. a) Crystal structure of Cu12Sb4S13; b) its peculiar CuSb2S8 unit.  
 
 Cu12-xZnxSb4S13 is an intrinsic semiconductor when x = 2; the material turns into a p-
doped semiconductor with smaller x values. Optimizing the carrier (hole) concentration via 
adjusting x led to a zTmax = 0.95 at 700 K [81]. Interestingly, as reported in the same article, 
competitive properties with zTmax  0.6 were achieved after hot-pressing of a mixture of freshly 
synthesized Cu12Sb4S13 and the commercial tennantite Cu10.5Fe1.5As3.6Sb0.4S13. To date, the best 
performing tetrahedrite is Cu11MnSb4S13 with zTmax = 1.1 at 575 K [82], as depicted in Figure 6.  
 Other Cu-S minerals under investigation are the colusites and the bornite. Colusites are 
Cu26V2M6S32 (with M = Ge, Sn, As, Sb), that also adopt a large cubic unit cell with low thermal 
conductivity. Currently the best performing materials in this family are Cu26Ta2Sn5.5S32 and 
Cu26Nb2Ge6S32, both with zTmax = 1.0 at 670 K [83].  
 Bornite is Cu5FeS4, whose cubic high temperature modification can be described based 
on Cu2S, with one of eight Cu atoms replaced by Fe and two by vacancies , according to 




 above room temperature 
[84], caused by the Cu ion conduction and the deficiencies. The immobile Fe atoms appear to 
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limit the Cu ion migration and thus increase the material’s stability. Via adjusting the carrier 
concentration by decreasing the Cu and Fe content, a zTmax = 0.79 at 550 K was achieved for 
Cu4.972Fe0.968S4 [85]. Solid solutions of Cu2S (Cu8S4) and Cu5FeS4 were also investigated, which 
resulted in maximized performance in case of 0.8 Cu8S4 – 0.2 Cu5Fe2S4, mostly a consequence 
of an increased electrical conductivity and a basically unchanged Seebeck coefficient [84]. Its 
maximum zT of 1.2 was found at the end of the investigated temperature range, namely at 900 K 
(Figure 6).  
 
4. Conclusions 
 As demonstrated in this review, it is possible to move away from toxic and expensive 
heavy metal tellurides to affordable and more benign sulfides and selenides while retaining the 
desired low thermal conductivity and high thermoelectric performance. The variety of other 
methods to achieve low thermal conductivity in bulk materials includes incommensurate 
composite structures, local distortions via stereochemically active lone electron pairs, site 
deficiencies, superstructures caused by different cation ordering, and last but not least cation 
diffusion as in various copper chalcogenides leading to many additional, fractionally occupied 
Cu atom sites.  
 The Cu ion diffusion may lead to device instability, and must therefore be controlled. 
Possible mechanisms include immobile cations blocking the Cu path, as demonstrated for Ba, Fe, 
and In, as well as segmentation of the thermoelectric legs with ion blocking interfaces between 
the segments.  
 These recent developments may very well pave the path towards increased usages of 
thermoelectric materials. In fact, Alpha Energy has already begun utilizing tetrahedrites for TE 
energy generation from waste heat.  
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 • Recent progress in thermoelectric materials is presented.  
 • Outstanding thermoelectric performance depends strongly on the thermal conductivity.  
 • Heavy elements are not required to achieve the required low thermal conductivity.  
 • Stereochemically active lone pairs may result in low thermal conductivity.  
 • Ion mobility also leads to low thermal conductivity, but may be detrimental to device stability.  
 
 
